INTRODUCTION
Rhabdomyosarcoma (RMS), the most common soft tissue sarcoma in children, comprises two major histological categories with alveolar (ARMS) and embryonal (ERMS) histological features [1, 2] . ARMS is usually associated with a worse outcome [3] [4] [5] . For example, the current risk stratification scheme used by the Children's Oncology Group (COG) excludes ARMS from the low risk stratum regardless of other clinical features. Nonetheless, in the most recent COG D9803 study for children with intermediate risk RMS (D9803), 4-year failure-free survival for those with non-metastatic ARMS ranged between 60% (for unfavorable primary sites with incomplete resection at study entry) and 83% (for favorable primary sites or complete resection at study entry) [4] . This finding demonstrates that the outcome for those with intermediate risk ARMS is heterogeneous and may be amenable to more precise risk-stratification.
ARMS is usually associated with a balanced chromosomal translocation generating novel proteins fusing the DNA binding domain of either PAX3 or PAX7 from chromosomes 2 and 1, respectively, with the carboxyl terminus of FOXO1, encoded by the FOXO1 gene on chromosome 13 [6] [7] [8] . Detection of the fusion transcript by RT-PCR or the t(2;13) or t(1;13) translocation by fluorescence in situ hybridization (FISH) is routinely used for molecular diagnosis because PAX3-FOXO1 (P3F) or PAX7-FOXO1 (P7F) fusions are present in approximately 80% of ARMS and not in other cancers (reviewed in Slater and Shipley [9] ). Perhaps surprisingly given the distinct histological differences between typical ARMS and ERMS, microarray-based gene expression profiling demonstrates that fusion gene-positive ARMS cases cluster together while fusion gene-negative ARMS (ARMSn) more closely resembles ERMS [10] [11] [12] [13] . Hence, fusion gene expression confers distinct biological properties to a subset of ARMS cases, despite similar histological appearance.
Whether PAX-FOXO1 fusion status also influences clinical outcome is less clear. Prior studies investigating its prognostic significance have been retrospective analyses of selected cases available for study. The reports usually represent relatively small sample sizes, including patients with localized and metastatic disease, and often combining multiple clinical trials spanning what could be many years [10, 11, [14] [15] [16] [17] [18] . We have previously reported that these convenience cohorts may not be representative of less selected populations [14, 19] , making extrapolation of the results to all patients hazardous. Further, the histological definition of ARMS histology evolved since 1995, raising the possibility that some ARMSn cases actually represent ERMS based on current pathology definitions.
Definitively elucidating the prognostic importance of PAX-FOXO1 fusion status in ARMS and determining whether outcome for ARMSn is similar to ERMS (as predicted by the gene expression data and one recent report [18] ) requires a prospective trial using Background. Rhabdomyosarcoma (RMS) is divided into two major histological subtypes: alveolar (ARMS) and embryonal (ERMS), with most ARMS expressing one of two oncogenic genes fusing PAX3 or PAX7 with FOXO1 (P3F and P7F, respectively) 
METHODS

Patients and Therapy on D9803 Clinical Trial
Analyses were performed on pathology material from children and young adults enrolled on COG D9803 between 1999 and 2005 [4] . As previously described, the D9803 study enrolled participants (n ¼ 616) with intermediate risk clinical features, including those with (a) Stages 2 and 3, Group III ERMS, and (b) non-metastatic ARMS [5] . Participants with undifferentiated sarcoma and others less than 10 years of age with Stage 4, Group IV ERMS were also eligible for D9803, but they were excluded from this analysis. Participants were randomly assigned to receive either standard chemotherapy using vincristine, actinomycin D, and cyclophosphamide (VAC) or VAC alternating with vincristine, topotecan, and cyclophosphamide (VTC). Participants with parameningeal RMS and intracranial extension were non-randomly assigned to VAC therapy. Randomized participants had similar clinical and demographic parameters, and they all received radiation; outcome was equivalent on both treatment arms [4] . Because treatment regimen did not influence outcome, all participants were combined for the purposes of PAX-FOXO1 fusion status analysis.
Histology Review and Fusion Gene Testing
We restricted our survival analysis to the 434 cases with either ARMS or ERMS, proven PAX-FOXO1 fusion status for the ARMS cases, and adequate clinical data. During the conduct of D9803, we observed an increase from 30% to 41% in the frequency of ARMS as classified by COG central pathology, which led us to conduct a systematic pathologic re-review. For the current analysis, the diagnosis of ARMS was based upon central pathology re-review using more strict criteria for ARMS (Rudzinski et al., unpublished COG data; manuscript forthcoming). D9803 cases with a prior diagnosis of ARMS (n ¼ 255) and a randomly selected subset with ERMS (n ¼ 38) were jointly reviewed by two pathologists (DMP and ER). Review material included H&E slides from all patients and myogenin stains from 250 patients. The reviewers were blinded to tumor stage, anatomic site, clinical outcome, and fusion status. ARMS is recognized by classical and solid patterns. The classical pattern contains anastomosing fibrovascular connective tissue septa forming an alveolar pattern lined by neoplastic cells. The "solid" variant of ARMS grows as a solid mass of closely aggregated cells with no or scarcely discernible alveolar patterns. The cytology of solid ARMS is identical to the one encountered in the classic form. The densely packed cells are round, often similar to each other, and usually exhibiting a high nuclear:cytoplasmic ratio. We also relied on immunohistochemical staining for myogenin, which was strong and diffusely positive. Lesions without clear-cut ARMS morphology that lacked strong, diffuse myogenin expression were considered to be ERMS.
PAX-FOXO1 analysis was accomplished by real-time RT-PCR and/or fluorescence in situ hybridization (FISH) as previously described [14, 20] on all ARMS cases on the D9803 study. The approximately 20% of ARMS cases negative for these gene rearrangements, a percentage consistent with other reports [14, 15] , were coded as ARMSn, as opposed to the ARMS P3Fþ or P7Fþ cases.
Statistical Analyses
Event-free survival (EFS) was defined as the time from study enrollment to the first occurrence of progression, relapse after response, or death as a first event from any cause. Overall survival (OS) was defined as the time from study enrollment to death from any cause. Follow-up for patients not experiencing an event of interest was censored at their time of last follow-up. Time-to-event distributions were estimated using the Kaplan-Meier method and they were compared among subsets of patients using the logrank test. Statistical analyses were performed using SAS version 9.2 (Cary, NC). (Fig. 1) . Fig. 1 . CONSORT diagram depicting the subsets of the COG D9803 study participants utilized for the current analysis. UDS, undifferentiated sarcoma; NOS, not otherwise specified; Unk, unknown.
RESULTS
This
Pediatr Blood Cancer DOI 10.1002/pbc Outcome at 5 years for these patients was evaluated to determine how histology or PAX-FOXO1 status contributed to the clinical outcome. Both the EFS and OS at 5 years were worse for those with ARMS compared to ERMS ( Fig. 2A and B) . PAX-FOXO1 fusion status provided additional prognostic information within the ARMS population: those with P3Fþ and P7Fþ tumors had an inferior EFS compared to those with either ARMSn or ERMS (Table I and Fig. 3A) . OS was also worse for those with tumors that were P3Fþ as compared to patients withP7Fþ, ARMSn, and ERMS disease, all of whom had similar outcomes (Table I and Fig. 3B ).
Fusion status also influenced outcome within distinct clinical subgroups. Focusing on those with the more favorable Stage 1 or Stage 2, 3, and Group I/II disease, the 5-year EFS for those with P3Fþ and P7Fþ ARMS was similar (65% and 75%, respectively) with a trend toward EFS being inferior when compared to those with ARMSn (100%) disease (P ¼ 0.13; Table I and Fig. 4A ). The 5-year OS for P3Fþ tumors was somewhat worse than that for P7Fþ and ARMSnþ tumors (P ¼ 0.21; Table I and Fig. 4B ). It should be emphasized that these data are based on a very small number of cases. For the subset with Stage 2, 3, Group III RMS, the presence of either P3Fþ or P7Fþ portended worse EFS at 5 years (P < 0.001; Table I and Fig. 5A ). OS was significantly worse only in patients with P3Fþ disease (P ¼ 0.015; Table I and Fig. 5B ).
DISCUSSION
Two analyses of the prognostic significance of PAX-FOXO1 fusion status reached conflicting conclusions, one finding an inferior outcome in fusion positive patients [10] and another finding no association [17] . The current analysis has several strengths that make our conclusions about the prognostic significance of PAX-FOXO1 fusion status more definitive. First, our report is based on analysis of a single, prospective clinical trial using uniform treatment. This contrasts with both recent European series that were based on retrospective analyses of subsets of available cases from patients treated on or according to five different clinical trials spanning nearly 2 decades [10, 17] . Second, our analysis avoids the methodological flaws inherent in the study of convenience cohorts, as illustrated in results from COG and the Cooperative Soft Tissue Sarcoma Study (CWS) group. In the previous reports, the prognostic significance of fusion status was not consistent [14, 17] . For example, Barr and colleagues used a convenience cohort from Pediatr Blood Cancer DOI 10.1002/pbc the Intergroup RMS Study Group III trial to show that survival was substantially better in cases where material was available for molecular analysis [14] whereas Stegmaier et al. [17] showed the reverse in a different convenience cohort. Finally, uniform pathology re-review with a consistent and revised definition of ARMS in our analysis led to a low rate of ARMSn. We have previously reported a drift in the pathological diagnosis of ARMS, leading to an increase in its incidence and in the frequency of ARMSn [21] . The 30% ARMSn rate found by Williamson et al. [10] is higher than in our current analysis and in previous [14, 15] . Including the more favorable ERMS cases with ARMS might have skewed an outcome analysis of fusion-negative ARMS.
Although sub-type specific fusion genes essentially define many soft tissue sarcomas [22] , the presence or absence of a specific fusion gene has not yet been used to guide therapy in COG or other cooperative group trials. Based on our prospective results, we now have sufficient data to use PAX-FOXO1 status to assign therapy, as suggested by Wexler and Ladanyi [23] . The substantially better EFS suggests that children with ARMSn might be effectively treated with less intensive therapy. However, this initial step towards molecularly guided therapy must be taken carefully. The seemingly exceptional survival for children with Stage 1 or Stage 2/3, Group I/II, ARMSn disease (100% at 5 years) is based on only 10 children and in the context of more intensive intermediate risk therapy.
The prognostic relevance of P3Fþ versus P7Fþ ARMS is not as clear. For example, our prospective analysis shows the EFS for those with P7Fþ disease to be similar to that in children with P3Fþ ARMS, but the OS is substantially better. This distinction was also preserved in our analyses of subsets with low or higher stage disease, but the numbers of cases in each are small. Nonetheless, a conclusion that OS for those with P7Fþ ARMS approximates survival for subjects with fusion-negative disease parallels findings from a recent retrospective analysis of pooled data from European and North American cohorts [18] . Based on their findings, these authors concluded that P7Fþ ARMS could be included in a lower risk stratum with the fusion negative cases. Because EFS has been used as a primary endpoint in recent COG trials-and EFS for P3Fþ and P7Fþ intermediate risk disease is similar-another reasonable approach would be to stratify all fusion positive ARMS together, at least in the intermediate risk group studied here. A molecular explanation for the similar EFS, but not OS, in children with P7Fþ and P3Fþ RMS is not apparent. Most assume that oncogenic transcription factors influence tumor biology by controlling gene expression. For example, Davicioni et al. [11] showed that OS is better for children with tumors expressing a "P7F-like" signature as compared to tumors with a "P3F-like" signature. It perhaps should be noted that microarray gene expression profiling is typically accomplished using RMS specimens taken at diagnosis, and these studies have not revealed robust gene expression differences from unsupervised analysis ofPF3þ Pediatr Blood Cancer DOI 10.1002/pbc and PF7þ subtypes [10] [11] [12] [13] . It is possible that similar studies of recurrent specimens could reveal gene expression differences that might help explain the more favorable OS for those with P7Fþ disease. Alternatively, DNA-based studies do support fundamental differences between P7Fþ and P3Fþ ARMS. For example, close to 25% of P3Fþ ARMS have amplification of 12q13-q15, which is associated with significantly higher expression of the cell cycle regulator CDK4 [24] . Approximately two-thirds of the P7Fþ ARMS have amplification of a region of 13q31, with the minimal amplicon including MIR17HG, encoding the miR-17-92 cluster of microRNAs [25] . Hence, these molecular differences may influence in tumor biology in a manner not obviously reflected by gene expression.
A number of questions arise as we consider how to move into an era in which molecular features are used for risk stratification and treatment assignment. First among them, perhaps, is can a multifeature metagene signature [10, 16] or the incorporation of noncoding RNAs and/or structural DNA changes provide prognostic data beyond that derived from a single molecular analyte, such as fusion gene status? Given the aforementioned difficulties with retrospective, convenience cohorts, this issue must be formally addressed in the context of a prospective trial. A second question relates to the best strategy to detect fusion genes in RMS. Our findings are based on RT-PCR or FISH assays, which yielded interpretable results in the vast majority of cases. Although RNA degradation in FFPE material can pose a challenge for an RT-PCRbased assay, emerging technologies may assuage this concern. For example, color-coding individual RNA transcripts of interest (including fusion transcripts), followed by solid-state capture and digital quantification can provide accurate and reproducible measurements using formalin-fixed, paraffin-embedded and fresh, frozen material [26] . However, even after such RNA-based tools are optimized and developed as clinical tests, FISH provides an important advantage in the ability to detect new molecular rearrangements that might have been missed by other RNA-based approaches [27] . In the context of a clinical trial, it might be acceptable to miss the small percentage of RMS cases that have variant translocations; however, central histology review and FISHbased approaches are still worthwhile steps to fuel future discovery.
